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Aromatic  heterocyclic  ordered  rigid  rod.  ladder  and  semi -ladder  polymers” 
(including  BBL,  PBO,  and  BBB)  combine  exceptional  high  temperatures  stability 
with  excellent  mechanical  properties  as  well  as  envi ronemntal  stability  We 
have  carried  out  systemic  coordlnatd  investigation  of  the  morphological, 
chemical,  optical  and  electrical  properties  of  ion  implanted  rigid  rod.  ladder 
and  semi-ladder  polymers.  XPS  data  of  films  reveal  significant  reduction  in 
the  heteroatoms.  An  increase  carbon  content  after  Implantation  together  with 
the  scanning  electron  microscopy  and  Raman  studies  indicate  that  the  Implanted 
material  is  no  longer  polymeric  but  perhaps  better  described  as  a  carbon 
network.  The  implanted  polymers  have  a  featureless  broad  optical  absorption 
from  Che  Infrared  to  the  UV.  They  have  a  very  weakly  temperature-dependent 


I  conductivity  (typically  -100  S/cm  at  room  temperature).  The  initial 

conductivity,  thermoelectric  power  and  magnetotransport  studies  suggest  that 
these  implanted  polymers  behave  as  "disordered  metals."  Further  studies  on 
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Aromatic  betsrocyclic  ordered  rlg'd  rod,  ladder  and  icmt-ladder  polymert 
(Including  BBL,  FUO.  and  BBS)  combine  exceptional  hJ|h  <«mp«ratt*rei  liability  vyjth 
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content  after  implantation  together  with  the  scanning  electron  mkroscopy  and 
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perhaps  better  described  as  a  carbon  network-  The  Implanied  ^iymere  have  a 
I  reaturelesa  broad  optical  absorption  from  the  infrared  to  the  UV.  They  have  a  very 
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current  as  well  as  to  dctertnine  the  microtcopic  charge  conduction  mcchanlsrn. 
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FINAl  TfiCHNlCAL  REPORT  FOX 
AfOSR  CONTRACT  f49620-90-C0072 
1  SEPTEMBER  1330  •  31  OCTOBER  1991 

1.  INTRODUCTION 
l.i  Background 

Aromatic  haterocyclic  ordarcd  rigid  rod,  ladder,  and  Mnai>laddar  poiynera, 
exemplified  by  poly<l,4-ph«nylao<.2.6-baa*obi»thia*oie)  tPBT).  poly{l.4-|Aenylene 

2, d*benK)bisoxaMle}tPBO).poly;2.5.dihydroxy.i.4-phenyUnia-2,ft-ban*oblathiatoU) 
(DHPST).  poly  {2.S-dlhydroxy-l,  4.phanyi,aa-2.  S-beQjobiao.awla)  iDHPBO). 
bCQXimidBlobenMiphenanthrolina.typa  ladder  (BBL)  and  Mmi-laddir  (BBB) 
polymers,  combine  exceptional  high  tamparatura$iabilit/(500-700*C)  with  axeeUent 
mechanical  properties  and  envlronreaaul  (chamical  and  pbotochamlcal)  raaitunee 
[1-121.  This  combination  of  properties  makai  these  polymers  suitable  for  many 
appiicatioas,  inciudiog  aircraA  and  aaroapaca.  high  atreogth  flbara.  moiacular 
composites,  engineering  structures,  and  heat-raeieunca  coatings  [S-lU.  This  data  of 
high  performaoce  organic  materials  bat  amergtd  from  many  years  of  work  under  tha 
Air  Force  Ordered  Polymer  research  program  f8-9). 

Recently,  interesting  electrical  properties  bava  b«an  discovered  in  the  aama 
ordered  rigid  rod  and  ladder  polymers  [15- 17],  luggesUng  their  potential  for  further 
davalopment  as  electronic  materials  for  solid  tuts  devices  [IB).  Both  p-typa  and  n- 
typ«  chemical  dopiogof  BBS  and  BBL  to  high  conducUvi  ty  (-2  S.'cm)  ha*  been  reported 
[lh.l61.  Electrochemical  p-type  and  n*typ#  doping  to  corvducUvltiea  as  high  ms  5-20 
S/cm  was  achieved  in  uniaiially  oriented  BBL  filma  116).  An  equally  high  t— 20  3/cm) 
electronic  conductivity  was  found  In  on  electrochamically  n-type  doped  PBT  [17].  Ion 
implantation  of  boron,  argon,  and  krypton  iaBBL  filma  at  moderaie  [on  ancrgiaalROO 
keV)  and  fluenccs  (4xl0i*  iona/cm^)  was  found  to  meraaia  the  room  tomparaturc 
conductivity  of  the  ladder  polymer  to  as  high  os  220  3/era  U  5]. 
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The  results  of  these  mitial  studies  [13-17)  of  the  electrical  properties  of  ordered 
rigid  rod  and  ladder  polymer*  suggest  that  this  class  of  polymers  represente  s 
promisiag  a«W  direction  for  research  in  synthetic  metais.  The  successful 
comhiaation  of  high  electronic  conductivity  with  ihs  high  thermal  atability  and 
eacelleat  mechanical  properiie*  of  ordered  rigid  red  and  ladder  pelynaers  could  result 
ia  teehnologically  Useful  high  temperature  electronic  materials.  However,  emong 
the  fuadaiaental  questions  that  must  first  be  addressed  ia  the  nature  of  electronic 
treasport  in  the  materials. 

There  are  many  ntecbanlanw  for  charge  oonduetion  present  In  electronic  polymer* 
(19-21}.  Tha  strong  electron-phonoa  interaction  in  polymers  often  leads  to  the 
formation  of  polarons.  bipolaron#  or  soUtont  which  have  a  major  effect  oa  the 
electronic  states  accessible  to  eUetrons  traversing  a  sample.  The  details  of  the  charge 
transport  are  very  much  dependent  upon  crystallinity,  coherence  length,  and  local 
order  detertnining  the  degree  of  localleation  of  the  electron*  In  a  solid.  Conductivities 
leu  than  10  S/cm  at  room  temperature  may  be  represenUtlve  of  thermal  activation 
to  eatended  states.  Lhermally  activated  hopping  in  energy  band  tails,  poleros 
hopping,  variable  range  hopping  (with  1-.  2*.  or  3  dimansiona)  preferred  hope)  or 
more  exotic  mechanisms.  For  example,  mobile  neutral  solitocs  have  been  proposed  to 
have  a  central  role  in  irans-iCUh  122),  while  varYsbie  range  hopping  i*  proposed  to 
be  the  transport  mechanism  for  Iodine  doped  Shirakawa  polyacetylene  (23).  More 
highly  conducting  samples  (up  to  the  range  of  10*  S/cml  may  be  representative  of  true 
mauUic  conduction  with  conductivity  UmlMd  by  barrier*.  The  conductivity  may 
then  be  determined  by  the  relative  site  of  the  metallic  islands  and  the  exact 
mechanisms  for  tunneling  through  or  activation  across  the  barriers  between  the 
meullie  regions.  For  example,  the  meulUc  regions  are  large  for  highly  conducting 
Naarmann  polyacetylene  (24'  and  smail  for  emerajdine  hydrochloride fZSJ- 
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It  l3  n«c«M«ry  td  carry  out  ft  corrolatfid  array  of  prob«c  to  distincuitb  among  tbc9« 
charge  conduction  mechanisms.  In  addition  to  the  iempar»ture  depandence  of  dc 
conductivity  to  low  tempera  turn,  tie  electric  field  dependence  of  the  conductivity, 
magnecoraaistance.  and  thermoelectric  power  give  direct  insight  into  the  conduction 
mecbaniam.  A  mea&urt  of  the  den&ity  of  states  at  the  Fermi  energy  it  obtained 
through  magnetic  susceptibility  and/or  electron  spin  resonance.  Meaaurements  of  the 
frequency  dependence  of  the  conductivity  are  particularly  useful  for  the  less 
conductive  samples,  while  Kramers-Kronig  analysis  of  ranectenee  for  the  highly 
conducting  sysUma  give  insight  into  the  conductivity  for  that  case. 

The  high  conductivity  o,  up  to  224  ohm'i  an->,  with  ion  implantation  of  B6L  is  at 
first  sight  aurpriaing  Implantation  of  polyacetylene  12d]  and  poly(p>pK«nyUne 
sulfide)  [27)  with  similar  fluences  yielded  very  much  lower  increuMa  in  a  and 
saturated  o  of  only  lo-s  ohm  l  cm-i  or  less.  These  saturated  o’e  are  many  order*  of 
magnitude  below  that  which  doping  yields  (n  those  msterlaU.  One  may  apeculata 
that  the  ladder  atructure  is  muck  more  favorable  for  getting  high  conductivity 
through  ion  implantation.  If  bonds  are  broken  in  one  strand  of  the  ladder  there  would 
Still  be  a  complete  conduction  path  in  the  Other  strand.  The  BBL  atructure  may  be 
particularly  favorable  In  thia  regard  because  there  are  two  adjacent  ringa  or  more 
transverse  to  the  chain  direction  in  portions  of  the  monomer.  Also,  the  more  rig- 4 
structure  of  the  ladder  polymer*  would  be  heipfbl  in  reducing  ecatuHng  of  elecUons 
due  to  oscillations  of  the  rings. 

It  is  also  striking  that  ion  implantation  produces  a  in  BBL  an  order  of  magnitude 
larger  than  obtained  by  electrochemical  doping  of  that  material.  The  moat  likely 
explanation  of  this  observoclon  is  that  the  carrier  concentration  resulting  from  ion 
tmpiantacioa  is  larger.  It  may  not  be  possible  to  get  a  stable  phase  chereicaliy  or 
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elecvochemicall/  with  the  ions  as  close  as  required  (0  achieve  auch  high  carrier 
coacaatration.  For  thtcaMof  kr*  implantation  with  a  nuenceor4.0xl0i^/cm2  aad  a 
range  of  0.36  pm  [151.  if  every  ion  accepts  an  electron  from  the  polymer  chain  the 
number  of  holes  would  be  Ixl03l/cm3  It  is  noteworthy  that  this  is  of  the  order  of  the 
concentration  of  electrons  added  to  polyacetylena  chains  due  to  the  maximum  doping 
seen  with  K-*-  ions,  16.67%  [2S1.  Of  eourao  not  all  of  these  holes  may  oontributa  to 
conduction;  tome  of  them  may  be  trapped.  On  the  other  hand,  if  such  high  doping 
wipes  out  the  gap  prewnt  in  undoped  material,  as  is  found  in  polyacetylene  [29],  the 
conduction  electron  density  could  be  higher  than  Ixl02i;cin3.  Another  poastbla 
reason  why  a  in  implanted  BBL  is  greater  than  a  of  eleetrochemlcally  or  chemically 
doped  BBL  is  that  the  ordered  structure  of  the  implanted  polymer  is  probably 
different,  as  pointed  out  by  JenaWhe  and  Tibbetts  [IS],  the  ordered  Structure  resuiltr.g 
from  implantation  may  favor  higher  electron  mobiUty, 

It  is  significant  that,  in  addition  to  having  high  conductivity,  the  Ar  and  Kr-r 
implanted  BBL  have  a  slow  decrease  of  o  with  decreasing  temperature  T,  the  former 
losing  only  -half  of  this  conductivity  between  300K  and  low  temperature.  These  two 
features  are  also  observed  for  high-quality  polyacetylena  heavily  doped  with  K,  I, 
AsFs  or  several  other  dopants.  The  combination  of  these  two  features  suggests  that, 
rather  than  be  semiconducting,  the  material  coesists  of  metallic  regions  separated  by 
barriers,  consisting  of  leas  conducting  regions,  through  which  the  electrons  can 
tunnel  [30].  In  the  case  of  ion-implanted  material  the  barriers  are  likely  to  be 
disordered  regions.  To  verify  chat  the  Ar+  implanted  materia]  Und  perhaps  also  the 
KrT*  implanted  material)  consists  of  meulUc  regions  separated  by  barriers  it  would 
be  important  to  measure  o  vs  T  to  lower  temperatures.  4K  at  least.  Both  o  for  a  metal 
and  the  tunneling  probability  should  be  independent  ofT  in  the  low  temperature 
limit.  Above  thaco  may  increase  with  T  due  to  thermal  fluctuations,  specifically  due 
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to  the  decrease  of  ihe  elTecuve  barrier  width  du«  to  increased  thermal  motion  of  the 
carriers  from  the  meuUic  region*  [30],  or  to  phonon-assisted  tunneling.  The 
explanation  for  the  increase  In  o  with  T  ha*  not  yet  been  established  for  high 
conductivity  poiyacetyJeae.  More  cereful  studies  should  also  be  done  for  the 
implanted  material  to  probe  the  origin  of  its  lower  conductivity.  In  all  cases,  surface 
chemical  composition  studies  are  necessary  to  verify  that  the  lon-impianted  regions 
are  ftot  simply  graphitized. 

In  sum,  the  rigid  rod  nature  and  essentially  planar  conformation  of  conjugated 
ladder  polymers,  such  as  BBL,  suggest  that  higher  electronic  charge  mobilities  may 
ba  achievable  compared  to  the  more  atructuraily  disordered  single-stranded  quasi- 
one -dimension  8 1  conjugated  polymers  such  as  polyacetyleaa,  poly  p-phenylen«,  or 
polypyrrole.  The  conductivities  achieved  to  date  in  BBL  and  BBB  by  electrochemical 
and  chemical  doping  are  however,  far  lese  than  in  polyacetylene.  Il  is  also  of  critical 
importance  to  determine  the  true  maximum  conductivity  achievable  in  these 
polymers  by  ion  implantation. 

1.2  Ion  Implantation  of  Polymers 

The  general  subject  of  ion  Implantation  of  polymers  is  covered  in  a  recent  review 
paper  [31}.  Our  focus  here  is  on  ion  implantation  as  a  means  of  enhancing  the 
electrical  conductivity  of  polymer*  and  the  noture  of  electronic  charge  transpe 't  in 
such  ion-implanied  materlala.  Th«  technique  of  ion  implantation  which  is  widely 
used  in  the  electronic  industry  132-36],  has  been  used  to  produce  conducting 
materials  from  both  conjugated  and  noncortjugotad  polymer*  [31,  37-451.  Starting 
with  nonconjugated  polymerB,  conduciivUie*  as  high  as  103  S/cm  have  been 
demonetraud  [40, 41].  Nearly  oil  th«  conjugated  polymers  that  have  previously  been 
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made  condMcUve  by  chemical  and  elecirochemical  doping  metKods  have  ako  been 
renderad  highly  conduclive  (-10-S  w  lOS'Cml  by  ion  implantation,  including  U9,  26, 
37-39.  42-45];  polyacetylene,  polylaulfurnitride),  polyip-phsnyUna),  polyCp- 
pHenylaaesulfide).  polythiopheaea,  polydiaee .ylenes,  polyquinolinas,  and 
polyphthalocya&ines.  Of  particular  relevance  k  the  recent  study  of  the  clactncal 
praperties  of  ion- implanted  BBL  films  [14,  IS].  The  room  temperature  aaturattoo 
conductivity  of  such  irradiated  BBL  films  was  found  to  be  as  high  as  220  S/cm  and  to 
depend  oa  the  beam  current  density  (Jt.  pA/cm^). 

The  growing  interest  in  the  electrical  properties  of  ion-implanted  polymers  is  a 
recognition  of  the  many  attractive  features  of  ion  implantation  at  a  method  of 
enhancing  the  electrical  conductivity  uf organic  polymers.  loa-implaotod  conducting 
polymers  are  generally  more  Stable  in  air  compared  to  airdllar  chemically  and 
electrochemic&lly  doped  materials.  Ion  implantation  alluw)  the  precis*  control  of  the 
concentration  of  "dopants"  and  hence  electrical  and  physical  properties. 
Furthermore,  virtually  any  element  of  the  periodic  table  can  be  implanted.  The  high 
spatial  resolution  of  ion  tmplantatioa  techniques,  when  combined  with 
photolithographic  techniques  allow  high  resolution  upattally  aeUetiva  enhancement  of 
the  conductivity  of  polymer  thin  films  that  is  very  dilTicult  to  achieve  by  chemical  and 
electrochemical  doping  methods.  In  fact,  the  approach  of  high  resolution  selective 
implantation  "doping"  of  conjugated  polymer  thin  Hlms  haa  already  been 
demonstrated  and  used  U>  fabricate  microelectronic  device  siructurea  114,  IS,  45] 
Thus,  ion  implantation  is  an  ideal  technique  for  fabricating  microelectronic  and 
electro-optic  devices  from  semiconducting  and  metallic  polymer  thin  filma. 

Unfortunately  the  nature  cf  electronic  conduction  in  ion-implanUd  polymers  ia 
not  yet  understood.  A  number  of  apparently  conflicting  models  have  been  proposed  ta 
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txpUtn  sh«  nmh  conil'jeliVity  uf  icfs-tmj'u.'j'ed  pCi/mefj  .aeUd-ag  • 

|T»»n  rao4«t  ^40.  41.',  oft*-ftni:«r,iisn4;  varsabie  ran^c  hvyp.ei  aiwc*.  .3b;.  •««  »n 
iipplic»uc>«  of  fratui  joacapu  (44;  Th<  prcblcfn  of  e.acsstaUisg  a.ntros.c  wantpaj-t 
in  lon-implanuid  po!jm*u  ii  latnpaufvdw!  3>  -.he  poor  ondcrawnaisf  ih#  m.j,U£aUr 
tu««tuf«  and  morphology  of  tha  miUrials  Aff-.ocg  the  rtaay  imf  ^amaugr.  .nducta 
ehan<{««  .n  me'aeo.ar  airociu'e  ir.d  motpba.ojy  of  pwlymara  mat  n«.t  s»*a 
doeumanteis  ,n  Ifla  ijurblur*  131)  are  ;ncrcax  .n  the  nom&tr  of  doob.a  booda  and  >.he 
d«iT««  of  eoftjviiatiors.  lacraaaa  of  the  ctrbon  oonient,  loaa  cf  sia  ctvo.at»t!ar  .tiipti 
volatilea  aueh  aa  H;,  HjO.  Oj  CO.  COi.  etc.,  tacreaat  It',  tha  amowni  «f  fra«  rmdicaiia  >.■» 
aufobar  of  gptnt:  tncraaie  ta  the  eiteot  of  lonUbi.on,  whang#  tn  <fagr«a  vf 
eryauUiniiy.  chain  crets-Unalng  or  cham  tcijsion.  and  <|*aa.r.eaiioc  !i  foilcwa, 
thartfore,  that  arty  aiiampt  at  a  compieu  uodtraundmi  of  the  ccotoction 
mechaniain  in  100  implanted  polymera  moai  be  band  00  a  daui!*d  ptctyr#  .^f  vha 
molacutar  and  morphological  itructureaof  the  maienali 

Ai  detcrlbeii  b«lo~  tn  mors  *»§  have  addre^ted  t.hete  bojK  'Huca  of  the 

molecular  Iir;ccure.  morphology,  e'.ectrnrttc  a-.ructure  and  c.t<rt»»f.tl  irar.iron 
mt-rhaninn  In  iun-impUnred  pcKmera 
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a.  RI»in.TO  or  CONTRACT  (SKJPT  1990  -  31  OCT  ItSl) 

rh«  obJ«£tiv«  b«hmd  ihi»  ladder  and  semMaddft  |>ol>i»er  pro}eci  project  is 
th«  chsuraetcriaaiion  of  highly  eonducting  u>n  unplantsd  ladder  polymers  iKat  are 

both  machamcally  and  anvironmanially  liable  and  determinanon  of  their 
conduction  mechanism  Such  i<m  impiantad  polymers  have  previaoely  reported 
to  have  conductivUios  as  high  as  220  S-'em  fiS}.  The  results  of  ihe  current 
contract  are  described  below. 

The  strategy  of  undersundiog  the  conducuag  oiechsnism  invotvst  a  process  uf 
obtaining  a  broad  base  of  laformsuon.  The  first  tup  is  to  develop  insight  into  the 
eUetroeic  strueture  of  the  prietlae  polyiBers.  This  la  done  through  tpactrosespy 
(Infrared  Into  the  ultravlcict'.  phetoinduesd  spectroscopy  (infrared  into  the 
ultraviolet),  and  transport  studies.  With  thats  techniques,  ths  basis  for 
determiftstion  of  structure  property  relationships  is  sceompUshed.  The  second 
phase  involves  ion  implsnution  of  selecttd  polymers  under  controlled  oonditiont. 

Knowing  the  conditions  establishes  the  dosage  and  bombarding  energies  to  he  ueed 
when  formulating  models  and  conductivity  values.  After  implantation,  the 
aaaessment  In  change  in  chemical  and  electronic  structure  is  to  be  accomplished,  ae 
well  as  conductivities  and  related  transport  properties.  This  is  done  io  order  to 
understand  the  material  and  its  physical  and  structural  eharacisrisUcs.  Methods  of 
chemical  and  physical  characterization  include  SEM,  XPS,  Raman,  dlfTUse  and 
specular  (when  possible)  renectance,  oopUcnl  absorption,  conductivity,  magneto- 
transport,  thermopower  and  others.  With  the  gathering  of  all  this  information,  a 
model  to  understand  the  conductivity  and  predict  methods  to  control  and  improve  it 
can  be  developed  and  continuously  refined 


10 


SENT  BY  BICKEYE  RESEARCH  :  1-  6-33  :  3  SOPR  .  OSlRf  614  23213IS 


i 

202  404  7931. 516 


Th«  rcsultt  for  th«  pri«u'ne  m&unalt  b«  dtscusM^  first,  du«  to  Uieit  place 
with  respect  to  our  ttrategy.  Optical  abiorpuon  studies  orBBL,  PBT,  PBO.  DPBT. 
DJPBO,  arid  DPBI  nisos  in  the  l&frared  were  carried  out  using  KBr  pellets:  the  data 
agree  with  the  published  dau  (3.46).  Two  rapraaeotative  iefrarad  abtorption  spectra 
are  shown  io  Fig.  1.  Tha  UV.V!S-Near  IR  abaorpuon  spectrum  of  spin  coaled  BBL 
was  reported  (Fig.  2),  and  agrees  with  the  pubtisbad  data  l47].  After  the  opUcai 
studies  were  ccrcpUcad,  pboboiaducad  abaorption  studies  were  undertaken.  BBL. 
PBT,  FBO,  DPBT,  DPBO,  and  DPBI  were  studied  in  the  infrared  and  BBL  was 
Studied  in  the  UV-VIS-Near  IR  rsgton.  The  results  showed  that  only  the  rigid  rod 
samples  show  any  photoinduced  absorption.  This  agrsas  with  the  model  of  Giader 
&ad  £pstein  [48]  developed  through  the  study  of  polysniliat  and  pol>t..5«ayleae- 
sulflde  of  the  essential  role  of  hog  rouu'ons  in  stabitiziag  long  lived  photoinduced 
charges,  since  of  the  polymers  studies,  only  In  the  rigid  rod  systems  do  tha  rings  have 
an  ability  to  rotate  {S}.  PBT'e  photoinduced  apeetrum  is  shoam  in  Fig.  3  at  a 
representative  of  the  rigid  rod  polymers.  The  broad  electronic  traneitiona  oenurad  at 
about  llOOcm-l  and  >2300  cm*  art  indicative  ofself-iocalisstion  of  charge  (48]. 

Transport  data  were  also  obtained.  No  DC  or  thermopower  studica  were  powible 
on  the  pristine  films  due  to  the  high  rewativities  (poc  >10-10  obm-em;  with  sample 
resistance  >  100  QSl  for  the  conflgvration  used).  AC  transport  atudiee  were  poeaibla 
and  performed  on  BBL,  DPBT,  and  FBO  aggregate  film  samples.  The  raaulU 
indicate  a  variable  range  hopping  conductivity  end  provide  estimates  of  room 
temperature  DC  conductivity  values  of  approximaiely  lO  'H  3/cm.  Some  results  are 
shown  In  Figs.  4>6. 

We  now  focus  on  the  results  of  the  ion  implanted  samples.  All  aompUa  ware 
implanted  atHoneywell  Corp.  (Minnsapolis,  MN)  under  ProfeaaorJcnekhe’a 
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Fig.  1.  Infrared  abtorbince  for  PBT  »nd  DPBT  in  KBr  pelln*- 
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Fig.  2.  UV/  VIS  War  m  jbbtorbaacc  of  spin  coated  BBL. 


12 


f  ((ls> 


Fig.  4.  Dielectric  constar.i  »■>  a  function  of  frequency  for  uiirtrcteheil,  un¬ 
doped  BBL. 
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Pij-  9-  Fr*<iu«ncy  dependent  cor.dviciivity  tot  unstretcheci,  undopud  BBL. 
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direction  using  200  k«V  krypton  b«un  at  a  4ot«g«  uf  4  x  10  <<  ion»'cm2  and  a  doM 
rate  of  2  pA'cm^ 

In  order  to  inveatigace  the  phyeical  propartiaa  and  probe  the  conducting 
mechanism,  temperature  depandant  OC  conductivity,  microwave  fraquancy 
conductivity,  magnetorcaistance,  and  tkarmopower  atudica  ware  performed.  BBL, 
PBO,  FMPBT,  PBT,  and  DPBT  aggregate  free  standing  ntmi  implanted  at 
Honeywell  were  studied  as  well  as  the  UBS  implanted  aggragau  BBL  sample.  Koom 
temperature  conductivities  as  high  aa  180  S/cm  were  obuiaad  based  on  an  aeaumed 
implanted  layer  thicknesses  of  0.35  K  10-*  cm.  The  implanted  layer  thtekneasea  were 
determined  from  SEM  measurements  performed  at  Wngbv  Pattcraoa  Air  Force 
Base.  The  conductivity  and  measured  thickness  are  shown  in  Tablo  L  Roalstancea 
up  to  230  Q/square  were  determined.  The  temperature  dependence  for  the  Honeywell 
implanted  films  from  4  K  to  300  K  is  weak  and  io  reminiscent  of  that  of  a  diaordered 
metal  [49,50].  Results  of  all  free  standing  films  implanted  at  Honeywell  ore  shown  In 
Figs.  7>B.  Microwave  conductivities  and  dielectric  cunatant  nseaauramenta  ware 
made  on  PBO.  PBT.  and  OPBT.  including  temperature  dependences.  The  reeulu 
agree  with  the  DC  conductivity  measuremenis.  showing  «  week  ttnaperatura 
dependence,  as  shown  in  Figs.  9-10.  In  addition,  beeed  on  an  analyeia  uaiag  the 
slopes  of  the  DC  and  microwave  conductivity  vs  temperature  curves,  some 
localization  features  are  present.  .Magnetorrsi stance  measurements  were  performed 
with  current  parallel/pendfcular  to  the  magnetic  Held  on  ion  implanted  PBO  at  4.2K 
using  magnetic  fields  as  high  as  8  Tesla.  The  data  ,  Figs.  11-12,  show  a  positive 
magnatoresistance,  typical  of  3-0  metallic  behavior.  Preliminary  themopower 
measurements  show  a  small  thermopower,  which  indicated  the  material  is  metal¬ 
like.  and  positive.  Indicating  hole-like  carriers. 
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Fig-  11.  Magr.etorcjistoncc  of  PBO. 
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To  determine  the  chemical  structure  and  concent  of  the  implanted  samples,  XPS 
was  performed.  XPS  is  a  surface  t<chni<{ue,  investigating  the  composition  to  a  depth 
of  approximataly  100  X.  The  XPS  apparatus  is  an  03U  Chemistry  Department 
shared  cnalylical  instrument.  The  samples  studied  were  spin  coated  BBL  and  BBB, 
and  aggregate  BBL,  PBO,  PBT,  and  DPBT  films.  All  films  show  a  depletion  of  S  and 
N  after  ion  implantation.  However,  all  films  Implanted  at  Honeywell  show 
Impurities,  most  notably  fluorine.  The  BBL  sample  implanted  by  UES  showed  no 
fluorine,  but  it  did  show  a  small  impurity  consisting  of  tantalum.  Highlights  of  the 
XPS  reaulta  are  summarised  in  Table  0.  After  discovering  this  fluorine  anomaly, 
both  Professor  Jenekhe  and  Honeywell  were  contacted  to  try  and  deduce  its  origin. 
At  OSU,  the  pristine  samples  and  nonimplanted  sides  of  the  iisplented  samples  were 
studied  to  understand  the  origin  of  the  contamination.  Though  fluorine  wsca  absent 
from  the  pristine  aggregate  and  spin  coated  BBL  films,  DPBT,  PBT,  and  PBO 
»Kf«gate  films  showed  a  presence  of  fluorine.  A  recent  paper  by  Nawal  [51]  on  XPS 
work  00  pristine  BBL  shows  data  which  agrees  with  our  results  having  F  and  other 
impurities.  His  interpretation  is  that  the  F,  P  and  Si  impurities  are  due  to  con¬ 
tamination  by  the  polyphosphoric  acid  solvent  or  the  glass  substrate  (for  the  case  of 
spin,  coated  samples).  In  addition,  Nawal's  work  describes  the  Uneshnpe  analysis  of 
the  carbon  and  nitrogen  peaks,  showing  3  and  2  inequivalent  C  and  N  atoms, 
respectively.  We  have  begun  a  similar  lineshape  analysis,  and  our  results  agree  with 
those  of  Nawal.  In  addition,  we  are  examining  the  implanted  C  and  N  lineshapes  in 
order  to  deduce  the  e/lect  of  implantation  on  structure. 

Optical  studies  on  the  implanted  samples  have  taken  place  both  at  the  University 
of  Rochester  and  at  OSU.  Professor  Jenekhe  has  studied  the  spin  coated  BBL  and 
BBB  samples  in  both  the  pristine  and  implanted  forms  in  the  UV-VIS-Near  IR.  He 
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hoiS  obs^rvad  a  broad  metal- absorption  for  the  implanted  formM.  Our  results  at 
OSU  agree  with  Professor  Jenekhe's  results.  In  addition,  at  OSU  wu  have  performed 
diffuse  and  specular  (where  possible)  reflectance  inIVored  and  Raman  spectroscopies 
on  selected  samples.  Using  a  Chemiatry  Department  infrared  Bpeclromeier  we 
collaborated  with  Professor  McCreery  of  the  Chemistry  Department  for  the  Raman 
work.  Results  from  the  diiTuse  reflectance  experiments  are  shown  in  Figs.  13-14  for 
the  priatine  and  iinplunted  sides  of  PBT,  respectively.  The  results  indicate  a  loss  of  H 
and  shows  spectral  broadaning.  Implying  n  disordered  material.  Raman  results  fur 
both  pristine  and  ion  implanted  PBO  show  flooresconce  in  the  blue  and  green  spectral 
regions  and  that  no  graphitic  structuro  is  proeant,  as  indicated  by  aa  absorption 
hands  at  1360  or  1580  cnvi.  To  reduce  or  aliminate  fluorescence,  work  is  planned 
with  Pcofeesor  McCreery  using  an  infrared  diode  laser,  In  addition,  one  Sample  was 
sent  to  Perkin  Elmer  (free  of  charge)  to  be  examined  by  their  new  FT-Raman  sysum, 
again  operating  with  a  diode  incar  IR)  laser. 


Present  activities  are  concentrating  on  reproducing  and  coniirniinff  our 
preliminary  results,  aa  wall  aa  initiating  experimente  using  other  techniques  such 
as  BPR  and  electric  and  magnetic  field  dependent  conductivity.  Given  the  base  of 
infomtation  developed  during  che  flrst  year  of  the  contract,  we  have  begun  to 
consider  the  mechanism  for  conductivity  in  a  thin  disordered  carbon  film  generatsd 
on  a  surface  of  the  ladder,  pseudoladder,  and  rigid-rod  polymers  by  the  ion 
implantation  process.  The  full  development  of  a  microscopic  model  for  the  charge 
conduction  in  ion  implanted  polymers  is  a  goal  to  follow  during  the  second  contract 
ysac. 
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Table  11 


Hisblighta  of  the  XPS  DATA 


Polyaief 

sample  number 

selectton 

dominate 

ckisenB 

weak 

elemena 

PBT 

PBT 

PBT 

PS01Q18/A9O701A 

PS01018/A90701A 

PS02028 

Implanted  side 
nonimplaflted  side 
pristine 

P.C 

P.  C.  N.  S 

C  S.  N 

S 

P,  Si 

P.  Si 

DPBT 

DPBT 

DPBT 

?SOl0Oa/ACIO6O7 

PSailXWAC)0607 

PSOiooa 

implanted  side 
nonimpluMed  side 
piistine 

P.C 

C,  N,  S 

C,  N,  S 

S,  P.  N 
P.  Si 

P.  SI 

PBO 

PBO 

PBO 

PS0101gA/A00525 

PS01018A/A00523 

PS01018A 

implanted  side 
tionimplantad  side 
pristine 

P.C 

F.  C,  0,  N 
C.O,N 

F 

BBL 

BBL 

spin  co&ted  2.8 
spin  coated  8.2 

implanted 

pristine 

C.  F,  Nt 
C,N.O 

N 

BBL 

BBL 

aggregate 

aggregate 

implanted  side 
nonimplanced  side 

C 

CN.O 

N.Ta 
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4.  transition  of  accomplishments  to  industry  AKTO  air  force 

The  Principal  Investigator.  Arthur  J.  Epeteln  of  The  Ohio  sutc  University 

tmd  Samson  Jenchke  of  the  University  of  Rochester  have  worked  closely  with 

researchers  at  Wnght  Patterson  Air  Force  Base  work  a.  v.cll  oa  closely  wuh  the 

j^earchT.  of  the  University  of  Dayton  Research  Institute  associated  with  the 

right  Panerson  Air  Force  Base  to  share  openly  aJl  the  infonnatlon  gained  in 

this  research.  This  technology  transfer  is  facilitated  by  the  presence  of  an  Ohio 

State  University  postdoctoral  fellow.  Dr.  Andrew  Burns.  In  residence  at  Wrlght- 

Patcenon  Air  Force  Base.  Also  Drs.  Jenehlcc  and  Epstein  have  worked  closely 

-uh  ^ientists  at  Xcro.  web,ter  Re.,earch  Center  in  Webster.  New  Fork 

(especially  M.  Abkowltr  and  E.  Conwdl  respectively)  transfer  information  lo 
that  company. 
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